One of the most impressive features of the central nervous system is its ability to process information from a variety of stimuli to produce an integrated, comprehensive representation of the external world. In the present study, the temporal disparity among combinations of different sensory stimuli was shown to be a critical factor influencing the integration of multisensory stimuli by superior colliculus neurons. Several temporal principles that govern multisensory integration were revealed:
(1) maximal levels of response enhancement were generated by overlapping the peak discharge periods evoked by each modality; (2) the magnitude of this enhancement decayed monotonically to zero as the peak discharge periods became progressively more temporally disparate; (3) with further increases in temporal disparity, the same stimulus combinations that previously produced enhancement could often produce depression; and (4) these kinds of interactions could frequently be predicted from the discharge trains initiated by each stimulus alone. Since multisensory superior colliculus neurons project to premotor areas of the brain stem and spinal cord that control the orientation of the receptor organs (eyes, pinnae, head), they are believed to influence attentive and orientation behaviors. Therefore, it is likely that the temporal relationships of different environmental stimuli that control the activity of these neurons are also a powerful determinant of superior colliculus-mediated attentive and orientation behaviors.
In a natural environment, there exist vast numbers of different sensory stimuli occurring at various positions in space and time.
One of the problems facing an organism, then, is to determine which stimuli are related to each other and which are not. While separate sensory channels (e.g., visual and auditory) may provide a means of dissociating many of these stimuli, multisensory cues are often linked together by common causality and must be integrated before the nature and significance of the external event that generates them can be defined and the appropriate response produced. The manner in which the nervous system accomplishes multisensory integration at the level of the single neuron has recently provoked considerable interest. There is now a growing body of literature indicating that convergence of multiple sensory modalities on the same neuron is a common phenomenon in many central nervous system structures and at many phyletic levels (see Meredith and Stein, 1986b , for a review).
Using multisensory neurons of the superior colliculus as a model population, we previously demonstrated that this convergence results in the integration of responses to simultaneously occurring stimuli from different sensory modalities. This integration produces either a significant increase (response enhancement) or a significant decrease (response depression) in the neuron's activity as compared to its responses to any of the stimuli individually Stein, 1983, 1986b ; see also Newman and Hartline, 198 1; Wiener and Hartline, 1984; King and Palmer, 1985) . Multisensory interactions depend on the spatial relationships among the stimuli, the register of the different sensory maps in the superior colliculus, and the presence of receptive fields with excitatory centers and suppressive surrounds (Meredith and Stein, 1986a) . According to these spatial principles, if 2 spatially coincident stimuli from different modalities fall within the excitatory receptive fields of a given cell, response enhancement will be produced. On the other hand, if one stimulus of a spatially disparate pair falls in a cell's suppressive surround, it inhibits the cell's responses to the other stimulus (i.e., response depression). While it is obvious that at some temporal intervals 2 stimuli from different sensory modalities will be processed as discrete events, the specific interval defining the interactive period, and the manner in which interactions may change as this interval is approached, have not been known. The present series of experiments was initiated to explore these issues.
Once again, cells of the superior colliculus were used as a model population because of the high incidence of multisensory convergence on them (see, for review, Stein, 1984; Meredith and Stein, 1986b) and because these multisensory cells are believed to be intimately involved in specific overt behaviors (Jay and Sparks, 1984; Stein, 1985, 1986b) . The results of these experiments revealed that the temporal principles governing multisensory integration are so powerful that changing the interval between the 2 different sensory stimuli affects not only the likelihood that an interaction will or will not occur, but its magnitude and sign (enhancement vs depression) as well. Therefore, seemingly minor variations in the temporal disparity between 2 stimuli are likely to have major consequences on superior colliculus-mediated behaviors and, presumably, on all behaviors dependent on the rapid integration of multiple sen-et al. * Temporal Determinants of Multisensory Integration sory cues. Preliminary results from these experiments have been reported in abstract form (Nemitz et al., 1984) .
Materials and Methods
Most of the procedures used in these experiments are similar to those described in detail in a previous report (Meredith and Stein, 1986b) and are, therefore, only briefly described here. Surgical procedures. Several days prior to recording, the animal (cat, n = 28) was deeply anesthetized with sodium pentobarbital(40 mg/kg, i.p.) and placed in a stereotaxic head holder. Using aseptic surgical techniques, a 15 mm craniotomy was made dorsal to the cortical areas overlying the superior colliculus and a specially designed recording well was stereotaxically positioned over the craniotomy and cemented into place with dental acrylic (McHaffie and Stein, 1983) .
Recordingprocedures. The first experiment was conducted 5-7 d after the implantation of the recording well. Generally, animals were used in 2-3 recording sessions at approximately 1 week intervals. The animal was anesthetized with ketamine hydrochloride (30 mg/kg, i.m.) and its head was held by the mount, thereby providing support during recording without the presence of pressure points (e.g., ear bars, eye bars, etc.) or occlusion of the pinnae, eyes, or body surface.
The animal was intubated through the mouth and the saphenous vein was cannulated. Paralysis was achieved by intravenous administration of a 1: 1 mixture of gallamine triethiodeld-tubocurarine ( 10 mg'kg initial dose, followed by supplements of 0.6 mg/kg/hr, i.v.) and the animal was artifically respired with 75% nitrous oxide and 25% oxygen. Supplemental doses of anesthetic (10 mg/kg, i.v.) were administered every 90 min. Expiratory CO, was monitored and kept between 4.0 and 4.7%. Body temperature was monitored with a rectal thermometer and maintained at 37-38°C with a heating pad. At the end of each recording session, the animal was allowed to recover from paralysis and, when locomotor function was regained, it was returned to its home cage. At the end of a recording series, the animal was overdosed with barbiturate anesthetic and perfused through the heart with physiological saline followed by formalin. Routine histological procedures (50 pm frozen sections, cresyl violet stain) were used to locate electrolytically marked recording sites.
brator (Ling Electronics), which produced displacements (amplitude range, 0.05-5.0 mm; velocity range, 15-420 mm/set) of the skin, hairs, or vibrissae. Auditory stimuli (broadband noise burst, 200 to > 20,000 Hz, <IO dB SPL), whose intensity and duration were independently controlled, were produced by a broadband noise generator and delivered through a speaker mounted-on a movable semicircular track.
Single-modality (i.e., unimodal) tests were conducted by presenting stimuli (5-16 times) from each of the 3 modalities (e.g., visual alone, auditory alone, somatosensory alone) separately, as described above. Generally, a 1 O-20 set intertrial interval was sufficient to avoid response habituation.
The pupils were dilated with a 1% ophthalmic atropine solution and the positions of the optic discs were projected, by means of a Keeler pantascope, onto a translucent 92-cm-diameter plexiglass hemisphere 45 cm in front of the animal. Contact lenses were applied to prevent cornea1 drying and to correct for retinoscopically determined refractive errors. A Kopf calibrated X-Y slide was mounted over the implanted well to admit the recording electrode and to allow the precise positioning of each electrode penetration.
Single-unit activity was recorded extracellularly with glass-insulated tungsten electrodes whose tips were electrolytically etched to l-3 pm with 12-20 pm of the tip exposed. The electrode, guided by the Kopf X-Y slide, was lowered to the surface of the superior colliculus and then advanced in small (l-5 brn) steps with a hydraulic microdrive.
Once a cell was isolated, its receptive field(s) was (were) mapped. Visual receptive fields were mapped with a hand-held light source projected directly onto the translucent plastic hemisphere. Each cell's receptive field was mapped with both moving and flashing spots or slits of light. All mapping and subsequent sensory testing were conducted with stimuli presented to the contralateral eye only. Camel's hair brushes and calibrated von Frey hairs (10 mg to 3 gm displacement force) were used to map somatosensory receptive fields. Auditory receptive fields were mapped using broadband noise bursts delivered from a hoopmounted speaker that could be moved to different positions of elevation and azimuth.
Quantitative testing procedures. Once the receptive field(s) had been mapped, the responses of the cell was evaluated with controlled, reproducible stimuli. On the basis of qualitative tests for each modality (i.e., visual, auditory, and somatosensory), an optimal stimulus was selected and presented repeatedly (5-16 times) for quantitative evaluation of its effectiveness.
Controlled, reproducible moving or stationary visual stimuli were generated by a projector (Prado) equipped with an electronic shutter and circular and rectangular diaphragms. Visual stimuli (luminance, 53 cd/m2 against a background of 2.7 cd/m>) of selected size and shape were projected through a rotating prism and reflected from a galvanometer-driven mirror onto the translucent hemisphere. Somatosensory stimuli were generated by an electronically controlled moving-coil viCombined-modality (i.e., multimodal) tests were then conducted by repeatedly presenting (the same number of times as were the control or unimodal tests) the same stimuli used in the single-modality tests, but now in combinations (i.e., visual-auditory, visual-somatosensory, or auditory-somatosensory).
Most visual and auditory stimuli were presented in spatial register (at the same point in space) and within their respective receptive fields. Somatosensory stimuli were presented within the somatosensory receptive field and in general topographic register with stimuli appropriate for the other modality. When a receptive field could not be mapped for a particular modality, the stimuli for that modality were presented at a location known to be in topographic register with the other sensory receptive fields (Stein et al., 1976; Middlebrooks and Knudsen, 1985) . Initially, the combined-modality tests were conducted with simultaneous onsets of both stimuli. Subsequent tests presented the stimuli progressively out of synchrony with one another. The intervals of temporal disparity between the onset of the 2 stimuli ranged from 0 to 1000 msec. Neuronal responses to each stimulus presentation (single-modality tests) were compared to the responses evoked by multisensory stimuli (combined-modality tests) at the different interstimulus intervals. Initially, to control for shifts in baseline activity, each combined-modality test was preceded and followed by single-modality tests. Later, an interleaved data collection program was implemented, which allowed the collection of test (combined-modality) and control (single-modality) data over the same period of time. We found no significant differences among the data collected using these different methods.
Data analysis. The data (i.e., neuronal discharges) were collected, stored, and analyzed using a DEC MINC PDP 1 l/23 computer. Data were displayed in the form of dot rasters and peristimulus time histograms. Response latencies were calculated by determining the average time interval between the onset of a stimulus and the first impulse evoked.
A multisensory interaction in a single neuron occurs when combinedmodality stimulation produces a significant (p < 0.05; 2-tailed t test) increase ("response enhancement") or decrease ("response depression") in activity compared to that produced by the most effective of these stimuli presented alone. This definition of interaction emphasizes the total product of these stimuli at the level of the individual neuron without arbitrary restrictions regarding the magnitude of this product. As previously discussed (Meredith and Stein, 1986b) , manipulation of the physical, spatial, and temporal properties of multisensory stimuli can yield response interactions of various magnitudes along a continuum (see Results). Thus, the use of terms such as "facilitation," "summation, " "occlusion," and "inhibition," which imply a static, invariant relationship of fixed value, were avoided here.
The magnitude of a response interaction was calculated by the following formula:
[(CM -sA4m,,)Isi14m,,] x 100 = % where CM is the mean number of impulses evoked by combined-modality stimulation and SM,,, is the mean number of impulses evoked by the most effective single-modality stimulus.
For each single-and combined-modality test, the following temporal measures of response were calculated: average (LSD) response duration and average peak discharge frequency. Average peak discharge frequency was measured from the time bin in each peristimulus time histogram (consisting of 6-16 trials) in which the greatest number of spikes occurred, it was calculated as the average number of spikes per trial within that 10 msec time bin. Average peak discharge frequency was chosen over average discharge frequency because it is unrelated to discharge duration and is not artificially depressed when long discharge trains are evoked by temporally disparate stimuli.
Responses to combined stimuli with wide temporal disparities were analyzed somewhat differently, since separate responses to each stimulus Figure 1 . Response features of an auditory-visual neuron to single-and combined-modality stimulation. In A, an auditory stimulus (square-wave, 100 msec duration, broadband noise burst, ~70 dB SPL) evoked a response on each of 8 presentations and these responses are represented by the dot raster and peristimulus time histogram below the stimulus truce. Each dot in the raster represents one neuronal impulse. The histogram is calibrated for 10 spikes/ 10 msec time bin and the time scale represents 100 msec. These same conventions apply to B-D and to subsequent figures. B, A visual stimulus (V) indicated by the ramp, moved across the receptive field at 135 deg/sec and evoked more discharges over a slightly longer time period and at a higher discharge frequency than did the auditory (A) stimulus. (C) When the auditory and visual stimuli were combined (VA) and presented at the same location in space (within their respective and overlapping receptive fields), the number of discharges, the duration of the discharge train, and the discharge frequency of the response were markedly increased over those evoked by either stimulus presented alone (i.e., response enhancement). D, However, when the auditory stimulus was shifted out of its receptive field and into ipsilateral auditory space (Ai), combining it with the visual stimulus now evoked fewer impulses (i.e., response depression), a shorter discharge duration, and a lower discharge frequency than did the most effective single-modality stimulus. The bar graphs at the bottom illustrate how the mean number of impulses evoked per trial (E), discharge duration Q, and average peak discharge frequency (G) varied with these different single-and combined-modality stimuli; lines through the bars reflect SEMs. The number of cells exhibiting changes in number of impulses, discharge duration, and average peak discharge frequency as a consequence of multisensory response interactions. The top graph illustrates the number of cells showing different levels of response enhancement and response depression, as defined by changes in the number of impulses evoked. The middle graph illustrates discharge duration, which frequently remained unchanged during interactions but could also be positive or negative regardless of the sign (enhancement or depression) of the interaction. Changes in average peak frequency (bottom graph) varied more closely with the sign of an interaction than did changes in discharge duration: only 4 cells exhibiting response depression showed increases in peak frequency, and these increases were comparatively small.
Results
Neurons in the superficial laminae of the superior colliculus were excluded from study, since only cells in the deeper laminae receive convergent visual, auditory, and somatosensory inputs and exhibit multisensory interactions. Among the cells studied (n = 113), all possible bimodal convergence patterns were represented, the incidence is listed in Table 1 . Their response latencies, discharge train durations, and average peak discharge frequencies in response to the variety of stimuli are listed in Table 2 . These cells were widely distributed throughout the anterior-posterior (A-P) and mediolateral (M-L) aspects of the deep laminae of the superior colliculus.
Since the primary objective of these experiments was to detail the effects of temporal variables on multisensory interactions, manipulations of the spatial and physical parameters of multisensory stimuli were minimized. In each of the 113 cells studied, optimal stimuli were first presented simultaneously or within 50 msec of one another, and repeatedly (5-16 times) at low iterative rates (3-4/min) within the borders of their respective receptive fields. Because the receptive fields of different sensory modalities overlap one another for any given cell (Gordon, 1973; Stein et al., 1976; Middlebrooks and Knudsen, 1984) , these stimulus combinations were considered to be spatially coincident, or in "spatial register," and generally (76%) evoked response enhancement when compared to responses evoked by either unimodal stimulus. In 23 cells these tests were repeated with one of the stimuli placed outside the borders of its excitatory receptive field (spatially disparate). This generally (65%) produced response depression, although sometimes no interaction was produced (35%). The magnitude of an interaction was then calculated in terms of the number of impulses evoked (see Materials and Methods) to provide a standard index of the interactions produced by simultaneously presented stimuli. In addition, the temporal measures of response (discharge duration, average peak discharge frequency) were calculated to evaluate their relationships to the sign and magnitude of an interaction. Once these measures were generated, the interval between the 2 stimuli was systematically varied. A total of 4 1 cells was tested in this manner. Since, at very long interstimulus intervals, 2 stimuli are processed as discrete events, it was of particular interest to determine at what temporal separations stimuli from 2 different modalities would produce interactions, and how these interactions would change as the separation between the stimuli increased or decreased.
Temporally coincident stimulation As noted earlier, when 2 stimuli of different modalities were presented simultaneously within their respective receptive fields, reliable response enhancement usually occurred. Within the present sample, this enhancement varied in magnitude from 23 to 635% (although substantially higher levels of enhancement can be obtained, see Meredith and Stein, 1986b) , and was generally observed in cells that responded to either sensory modality presented alone. In other examples, the cell appeared to be unimodal, and its multisensory character was exposed only by the interaction produced by combining stimuli. Response depression varied from -23 (77% of control value) to -94% (6% of control value) and was often evoked by a seemingly ineffective stimulus presented outside the excitatory receptive field borders. However, response depression was also observed in a few instances in which both sensory stimuli were presented in spatial register within their receptive fields and each stimulus evoked an excitatory response when presented alone. In these cases, response depression appeared to be effected by a postexcitatory inhibitory period evoked by one or both stimuli.
Although the presence or absence of an interaction was defined by a significant (p < 0.05; 2-tailed t test) change in the number of impulses evoked by multisensory versus unimodal stimulation, changes in the temporal measures of response (discharge duration, average peak discharge frequency) were also noted when stimuli were combined. This is apparent in Figure  1 , where the cell was activated by a visual and an auditory stimulus independently. Responses were enhanced by the combination of these stimuli when they were presented within their respective receptive fields, and were depressed when the audi-tory stimulus was eccentric to its receptive field. The obvious companied by greater decreases in average peak discharge freincrease in the number of impulses evoked by stimuli in spatial quency than in discharge duration, but the magnitude of the register was accompanied by an increase in the duration of the depression was only weakly reflected in concomitant decreases discharge train and in the average peak discharge frequency.
in average peak discharge frequency (r = 0.34, n = 10, p > Similarly, the depression of the number of impulses evoked by 0.05). Thus, while among the population sampled no single spatially disparate stimuli was accompanied by a decrease in temporal measure of response varied immutably with the magthe duration of the discharge train, as well as in the average nitude of an interaction, changes in the magnitude appeared to peak discharge frequency.
be effected mostly via changes in discharge frequency. Changes in the duration of the discharge train and average peak discharge frequency did not each invariably accompany significant changes in the number of impulses evoked by combined-modality stimuli. The likelihood of both, or either, of these response measures covarying with response enhancement or response depression is shown in Figure 2 . How these temporal measures varied with response magnitude is revealed in Figure  3 , where the magnitude of each interaction is plotted against the changes in response duration and in average peak discharge frequency that accompanied it. In general, response enhancements exhibited increases in discharge duration and average peak discharge frequency, but usually (25/43, 58%) increases of the latter were greater. The magnitude of these response enhancements correlated best with increases in the average peak discharge frequency (r = 0.84, n = 28, p < 0.01). Similarly, most examples of response depression (10/l 6, 63%) were acTemporally disparate stimulation Although large, reliable response enhancements could be produced by simultaneous multisensory stimuli, they could be substantially degraded, and in some cases reversed to response depression when the interval between the stimuli was varied. Three temporal response profiles resulted from combined-modality tests in which only the interval between the 2 different sensory stimuli was manipulated: (1) response enhancement only, where the magnitude of the enhancement varied monotonically along a continuum with temporal disparity; (2) a sequence of response enhancement-response depression, where both the magnitude and the sign of the effect varied along continua (enhancement was greatest at short interstimulus intervals, but decreased in magnitude as the interval increased; at some point a reversal occurred and further increases in the interval pro- depressed (Depr.) interactions. For each interaction, the magnitude of the interaction (vertical A only V only Figure 4 . Decreasing the temporal disparity between 2 stimuli from different sensory modalities can dramatically increase the magnitude of response enhancement. This cell responded to a visual stimulus swept across the visual receptive field, but an auditory stimulus (broadband noise burst) failed to elicit impulses when presented alone (lower left). The rasters and histograms at the top show that when the auditory stimulus was presented 200 msec before the visual (A2OOV), it had only a modest effect on the response to the visual stimulus. However, as the stimuli were presented progressively closer in time, the magnitude of the response enhancement increased. This response enhancement decreased as the visual stimulus was presented at progressively longer intervals before the auditory stimulus (e.g., V2OOA). The influence of temporal disparity on response enhancement (i.e., number of impulses evoked) is plotted at the bottom of the figure, as are the effect of temporal disparity on the duration of the evoked discharge train and average peak discharge frequency. Note that all 3 response measures show the same pattern of changes as the stimuli approach simultaneous onset. Dashed horizontal lines represent the values elicited by the most effective single-modality stimulus (in this case, visual). duced response depression, until the temporal limits of the interactive period were reached); and (3) response depression only, which varied monotonically with temporal disparity. Each of these temporal response profiles is described in detail below.
Response enhancement only. In the largest group of cells (n = 2 l/4 1,5 1% of sample), combining the 2 different sensory stimuli within their excitatory receptive fields and at short temporal disparities produced optimal levels of response enhancement. These levels of enhancement were progressively degraded at longer interstimulus intervals until the limits of the interactive period were reached. The responses of the cell illustrated in Figure 4 are representative of this group. The cell responded reliably to a visual stimulus swept across its receptive field, but did not respond to an auditory (or somatosensory) stimulus. However, when the visual and auditory stimuli were presented simultaneously and in spatial register there was approximately a 5-fold increase in the number of impulses evoked, as well as increases in the discharge train duration and average peak discharge frequency. Increasing the temporal disparity between the auditory and the visual stimuli produced a progessive decrease in the magnitude of the interaction, but a significant enhancement was still observed when the visual stimulus preceded the auditory stimulus by 200 msec. For this cell, the changes in the number of impulses evoked by different stimulus disparities Temporal Disparity (IOOms) Figure 5 . Multisensory interactions were often of greatest magnitude when the onsets of stimuli were temporally disparate. Examples of each of the 3 temporal response profiles observed (top: enhancement only; middle: enhancement-depression; bottom: depression only) are plotted here. Although maximal response enhancements were frequently produced when the temporal disparity of the stimuli was minimal (e.g., near simultaneity), it was not rare to find examples in which the optimal levels of response enhancement were produced when temporal disparities were 100 msec or more (top, middle). In addition, maximal levels of response depression could often be generated by stimuli as disparate as 200 msec or more (bottom). Maximal interactions depended on the overlap of the peak periods of excitation, or excitation and inhibition, in each discharge train, and the variations in these peaks determined the most effective temporal disparity for each cell (see Fig. 6 and text) . In nearly all examples, there was a monotonic decay in the magnitude of the interaction as temporal disparity was changed from optimal. The different symbols distinguish among different cells plotted along the same axes. Dashed lines represent interactions in which the activity evoked by each stimulus was distinguishable as nearly separate sequential responses because the temporal limit of the interactive period was approached. . Periods of maximal enhancement occur when peak discharge periods in the response trains evoked by the 2 stimuli overlap. In A, responses to auditory and somatosensory stimuli had comparatively short latencies and discharge durations; stimulus combinations presented at 400 200 and 100 msec intervals were processed as separate events. Shorter interstimulus intervals (ASOS, BOA), however, evoked discharge trains whose peak periods of activity (hatched areas) overlapped (cross-hatched areus) and generated significant levels of enhancement ( 167 and 13 l%, respectively). Near-simultaneous (S17A) stimulus presentation produced the maximal overlap of peak activity periods and thereby produced the were also reflected in similar, but less dramatic changes in the discharge duration and average peak discharge frequency (Fig.  4, bottom) . Yet, these response measures did not covary at all interstimulus intervals and, at many of these (e.g., AlOOV, Vl OOA, and V200A in Fig. 4 ) significant interactions were not accompanied by noticeable changes in the duration of the discharge train.
No striking differences were consistently noted in the temporal profiles of the "enhancement-only" interactions produced by different combinations of modalities. Thus, the temporal profiles for representative examples of auditory-visual, somatosensory-visual, and auditory-somatosensory interactions plotted in Figure 5 (top row) look quite similar. Regardless of the specific stimulus combinations that produced an interaction, the magnitude of the response enhancement appeared to vary inversely with the temporal disparity of the 2 stimuli, and to be greatest when the stimuli were presented almost simultaneously. This was surprising. Since the response latencies of the same cell to different stimulus modalities are rarely the same (see Table 2 ), simultaneous stimulus presentation would not be expected to produce coincident arrival of the different afferent inputs. Yet the maximum interactions were often produced when stimuli were presented simultaneously rather than when their latency disparities were minimized, as in the cell illustrated in Figure 4 . This cell had a vigorous response to a visual stimulus that began 104 msec after stimulus onset. Although no responses were evoked by a unimodal auditory stimulus, the latency range for all auditory superior colliculus cells studied was 8-44 msec. Therefore, the input (albeit subthreshold) from a simultaneously presented auditory stimulus would be expected to arrive approximately 96 msec (and no less than 60 msec) before the response to the visual stimulus began. Yet maximal enhancement was produced in this cell when the stimuli were presented simultaneously, and nearly the same enhancement level was evoked even when the auditory stimulus was presented 50 msec before the visual stimulus, when the arrival of the afferent inputs was separated by 1 lo-146 msec. It seems most likely, then, that these maximal levels of enhancement are attributable to the long duration of the auditory influence on the cell, as suggested by the long discharge train durations (see Table 2 ) seen in other cells responsive to auditory stimuli. The comparatively long period in which a given stimulus can influence a cell is evident in the long discharge train durations evoked by each stimulus modality and allows a period of several hundred milliseconds in which interactions among different sensory inputs are possible.
By progressively increasing and decreasing the intervals between 2 stimuli, it soon became evident that, in many cells, maximal enhancement depended most on overlapping the periods of peak activity evoked by unimodal stimuli, rather than on matching either the stimulus onset (i.e., simultaneously presented stimuli) or response latencies. Since many cells had peak discharge periods that occupied a substantial portion of their t The Journal of Neuroscience, October 1997, 7(10) 3223 discharge trains, some overlap of peak discharge periods was produced both by simultaneously presented stimuli and by interstimulus intervals that offset differences in latency to the 2 stimuli. But in other examples, the beginning of the period of peak discharge initiated by each stimulus independently could be separated by 100 msec or more. In these cases, neither simultaneously presented stimuli nor intervals that minimized latency differences produced enhancements as great as those produced when the peak discharge periods overlapped. Examples of these observations are provided in Figure 6 . The cell in Figure 6A had similar short latencies and brief peak discharge periods to a somatosensory (latency = 23 msec, peak discharge period = 28-5 1 msec) and to an auditory (latency = 20 msec, peak discharge period = 20-44 msec) stimulus. At intervals of 400, 200, and 100 msec, the stimuli were processed as separate events. At a 50 msec interval, an interaction was noted, and it became maximal at near-simultaneity when significant portions of the 2 peak discharge periods overlapped. In this, as in most other cells, it was difficult to determine whether the simultaneity of the stimulus onset, the minimizing of latency differences, or the overlapping of peak discharge periods accounted for optimal enhancement. In the cell described in Figure 6B , however, the peak discharge periods were more discrepant and longer. Here, the maximal interaction was produced neither when the stimuli were simultaneous nor when latency differences were minimized; rather, the greatest enhancement occurred when the visual stimulus preceded the auditory stimulus by 300 msec, thereby overlapping their peak discharge periods. Although not common, it was not rare to find cells in which the greatest enhancements were produced at temporal disparities in excess of 250 msec, and in one case a 900 msec disparity was required.
Once the "optimal" temporal combination was determined, these peak levels of enhancement could be degraded by progressively separating the 2 evoked discharge trains. For the group of visualauditory cells depicted in Figure 7 (top), interactions were degraded to 75% of maximum when the discharge trains were separated by a mean of 115 msec (range = 60-220 msec) and to 50% when separated by a mean of 215 msec (range = 140-266 msec), regardless of the sequence in which the 2 stimuli were presented. These observations indicate that the pattern of discharges evoked by the stimuli influences the interactions produced by their combination. Since discharge patterns (e.g., duration of the discharge train, location, and duration of the peak period of activity, etc.) often depended on the physical parameters of the stimulus, changing stimulus parameters changed the resultant interaction. Although stimulus parameters were usually held constant in order to avoid confounding observations regarding temporal variables, an example of how the physical parameters of the stimuli can alter an interaction is provided in Figure 8 . Here, an auditory stimulus and a rapidly moving visual stimulus were combined at various temporal disparities. Both unimodal stimuli evoked comparatively short discharge trains; thus, the maximal levels of enhancement (18 1%) . However, as shown by the responses illustrated in B, maximal levels of enhancement were not necessarily evoked by simultaneous stimulus combinations or by minimizing the latency differences among modalities. In this cell, the period of optimal discharge activity evoked by a visual stimulus occurred at a substantially longer latency and duration than that elicited by an auditory stimulus. Stimulus combinations with temporal disparities of A3OOv, A150P', A100v, and even with simultaneity were processed largely as independent events. Only when the periods of peak activity of each discharge train overlapped (initiated by WOOA, V200~, and v3OOA intervals) were maximal levels of enhancement generated (33, 110, and 178%, respectively). However, further temporal separation of the visual and auditory stimuli (v4OOA) separated the periods of peak discharge activity they evoked, and lower levels of enhancement were then obtained (76%). evoked a relatively short discharge train (approximately 300 msec duration), while the more slowly moving stimulus elicited a longer discharge train (>700 msec). Since response enhancement is limited by the overlap of periods of excitation, the rapidly moving stimulus limited the interactive period more than the slower-moving visual stimulus did.
interactive period in which enhancement was exhibited was only 300 msec, with the interval of 150 msec producing optimal enhancement.
A slowly moving visual stimulus elicited a much longer discharge train than did the rapidly moving visual stimulus, and its combination with the auditory stimulus lengthened the period in which enhancement occurred. The interstimulus interval required to produce optimal enhancement was not reached even at 500 msec. Changes similar to these were noted for combinations of all the sensory modalities tested.
Responseenhancement-depression. In testing for the influence of temporal disparity on cells that demonstrated response enhancement when the combined-modality stimuli were presented simultaneously, we discovered that some ( 11/4 1; 27%) cells could respond with both response enhancement and response depression to spatially coincident stimuli. Thus, both response enhancement and response depression could be evoked in the same cell solely by manipulating the temporal disparity between stimuli. The responses of the cell depicted in Figure 9 (responses of the same neuron are also shown in Fig. 8 ) are typical of this group. This particular cell responded to unimodal visual or auditory stimuli with a long discharge train, and exhibited the characteristic response enhancement described earlier when the 2 stimuli were within their respective receptive fields. The magnitude of the enhancement was greatest when the visual stimulus preceded the auditory stimulus by 150 msec (when the maximal t (enhancement only, rz = 0.63; enhancement-depression, rz = 0.74; depression only, r2 = 0.25). By ignoring the sign (enhancement or depression) of an interaction and comparing (using analysis of covariance) only the time course with. which they decayed, it became apparent that there were no significant differences among the time courses of enhancement-only and depression-only profiles (p > 0.5). However, the time course of enhancement-only profiles differed significantly from that for enhancement-only interactions (p < 0.05), and this distinction was underscored further by the significant difference between the enhancement (positive) phases of these response profiles (p < 0.01). . Varying the interval between stimuli affects not only the magnitude of the response interactions, but the sign (enhancement or depression) as well. Unimodal auditory and visual stimuli were each effective in activating this cell (lower left). Combining these stimuli at relatively long intrastimulus intervals (A200 V, V3OOA; top) elicited substantially fewer impulses than did the most effective single-modality stimulus (response depression), while combined-modality stimuli presented in closer temporal sequence (VJOA, VISOR) evoked response enhancement. Note that the peak levels of response enhancement occurred, not when combined-modality stimuli were presented simultaneously (V = A produced 0% enhancement). but when the maximal neriods of excitation from each stimulus were coincident (between WOA and W5OA). Responses of this same cell are also plotted in Figure 8 . discharge period for both unimodal response trains overlapped). Changing the interval between these stimuli and displacing their maximal discharge periods from one another decreased the magnitude of enhancement until it was no longer evident. Further displacements of the maximal discharge periods reversed the sign of the interaction. Reliable response depression was now produced when the auditory stimulus preceded the visual stimulus by 100-200 msec or trailed the visual stimulus by 300 msec.
In other cells, response enhancements could also be produced at some intervals between the 2 stimuli and response depression at other intervals (Fig. 5, middle row) . Yet in all enhancementdepression cases examined thus far (with spatially coincident stimuli), response depression was produced only at the extremes of the time frame within which interactions were possible, whereas enhancements were produced at intervals closer to simultaneity (when the peak discharge periods overlapped most frequently). Peak levels of enhancement fell off sharply as the discharge trains were temporally separated, as is illustrated for visual-auditory cells in Figure 7 (center). Here, the enhancement portion of the interactions generally fell to 75% of maximum when the peak discharge periods were separated by a mean of 22 msec (range = 13-60 msec), and to 50% of maximum at a mean of 48 msec (range = 33-186 msec).
Response depression only. On occasion, presenting an apparently "ineffective" stimulus depressed the response evoked by another stimulus. Given the low spontaneous rates of many of the cells encountered, these inhibitory inputs were difficult to identify with single-modality stimulation, and thus may account for their low representation in the population of cells presented here. However, >70% of the superior colliculus cells sensitive to auditory stimuli are known to receive inhibitory inputs from the ipsilateral ear (Wise and Irvine, 1983) , and thus offered a convenient mechanism for generating inhibition. Consequently, the time course of response depression was evaluated by systematically varying the interval between an effective visual or somatosensory stimulus and an ipsilateral auditory stimulus. It should be noted, however, that response depression could be evoked by all stimulus combinations among the cells studied (see Fig. 5, bottom) .
Regardless of the mechanism by which the inhibition was generated, the temporal properties of this inhibition were documented in 9 cells (9/41; 22%). Response depression was exhibited upon temporal coincidence, as well as at wide temporal separations. The cell shown in Figure 10 responded reliably to a visual stimulus moved across its visual receptive field, but could not be activated with a somatosensory or an ipsilateral auditory stimulus presented alone. When the visual stimulus was combined with the ipsilateral auditory stimulus, however, a significant response depression was produced. Response depression was evident even when the stimuli were separated by as much as 200 msec. As in enhanced interactions, the magnitude of the interaction decreased progressively with increasing temporal disparity, and peak levels of depression did not cor- Response depression varies monotonically with temporal disparities between stimuli. While a visual stimulus evoked a vigorous response from this cell on each of 5 stimulus presentations, an ipsilateral auditory stimulus failed to excite it (lower left). When the visual stimulus was initiated 100 msec before the auditory stimulus, its excitatory input was maximally depressed. The ability of the auditory stimulus to depress the effect of the visual stimulus decayed as the temporal disparity was increased or decreased from this optimum. The interaction depended on the overlap of the maximal excitatory (visual) and inhibitory (auditory) influences of these stimuli. The graphs at the bottom illustrate that although number of impulses, discharge duration, and average peak frequency all had similar trends, the magnitude of their changes was differently dependent 6n temporal disparity. respond to simultaneous stimulus onset. Presumably, peak depression was produced by matching the excitatory period initiated by one stimulus with the maximal inhibitory period initiated by the other. For visual-auditory cells, the maximal level of response depression (i.e., -100%) could be substantially degraded (to -75%) when the temporal disparity changed by as little as 94 msec (range = 23-166 msec) (see Fig. 7 , bottom, for a more complete depiction). As with response enhancement, the different response measures (number, discharge duration, average peak frequency) observed during response depression did not necessarily covary. Thus, the stimulus combination that evoked peak levels of depression in Figure 10 also elicited the lowest average peak discharge frequency, but did not induce the maximal shortening of the discharge train. Apparently, the strongest depressive effects on discharge frequency occurred when the inhibitory inputs of one modality immediately preceded and overlapped the peak excitatory activity of the other; the strongest depressive effects that affected duration of the discharge train occurred when the inhibition from one input came during or immediately after the peak excitation evoked by the other. These results did not appear to depend on the specific combination of modalities, and similar temporal response profiles for response depression were obtained with the different combinations of sensory stimuli, as illustrated in Figure 5 (bottom row).
Discussion

Interactive period
The present experiments demonstrate that multisensory interactions can take place over surprisingly long periods of time. A specific interactive period depends on the duration of the excitatory and inhibitory influences of the relevant stimuli on the cell, and these influences depend, in turn, on the physical properties of the stimuli themselves. With the stimulus parameters and anesthetic conditions employed here, cells generating response enhancement typically exhibited interactive periods of 400 msec or less when the stimuli were presented simultaneously, but these could extend up to 1500 msec with temporally disparate stimuli. Since a given stimulus might have both excitatory and inhibitory influences on a cell, combinations of stimuli could produce a rich variety of interactive magnitudes and sign reversals, depending on their temporal relationships to one another.
Since the spontaneous rates of most superior colliculus cells were low, the duration of an inhibitory influence of a stimulus was much more difficult to determine. It became apparent only when it depressed the excitatory influence of another stimulus on that cell. With the stimuli used here, the time course for these depressed-only interactions (mean = 240 msec) generally Figure I I. Two models of orientation based on integrating simultaneous visual and auditory stimuli. The models are based on the need for multisensory integration (e.g., the visual appearance and the noise made by the rat) to enhance neural activity above a theoretical threshold that neither stimulus alone (e.g., visual appearance or noise) would achieve. In the first model (left), the principal integrative feature leading to an orientation response is the overlap of the onset of discharges that would be initiated by the visual and the auditory stimuli. Sound travels at 340 m/set (the speed of light is taken as instantaneous) and there are substantial latency differences for responses to visual and auditory stimuli (90% range for superior colliculus visual latency, 55-125 msec; for auditory latency, 10-30 msec) even in the same cell. Because of these factors, only when the rat is within a narrow strip 7-39 m away from the cat will the visual and auditory inputs coincide (shown diagrammatically as oscillogrums above the cat's head). Note that when the rat is 30 m from the cat, the impulses initiated by its appearance and sound coincide. However, at greater (60 m) and lesser (6 m) distances, the onsets of the evoked impulses do not overlap and no interaction is produced. In the second model (right), the most important factor is that some portion of the discharge trains that would be initiated by the visual and auditory stimuli overlap (90% range for discharge duration; visual, 39-690 msec; auditory, 28-500 msec). The data generated in the present study indicate that interactions occur as long as any portion of the discharge trains overlap, and that they are most significant when the peak discharge periods overlap. This is illustrated by the schematized oscillogrums above the cat's head, in which auditory stimuli located at varying distances from the cat (6, 30, 60 m) evoke discharge trains that overlap and interact with discharge trains elicited by the visual appearance of the rat. Because of these factors, the biological limits within which the effects of sensory stimuli can overlap to produce orientation behaviors in the second model are extremely broad and are not restricted to that area of space in which latencies to simultaneous stimuli can match.
resembled that for enhanced interactions, and, with some stimuli, could last longer than 840 msec. It seems unlikely that the excitatory or inhibitory interactive period is fixed for any given multisensory cell. While the response properties of a given cell no doubt limit the duration of its responses to stimuli from each modality, the physical parameters of the stimuli can influence the magnitude and duration of the discharge trains within rather broad limits, leading to a wide interactive range.
Given that most natural multisensory stimuli derived from the same event are closely linked in time, and that there are significant differences among the latencies of the modalities influencing a given cell, there appears to be an integrative paradox. Since visual and somatosensory latencies are so different (minimum and maximum differences in the range of latencies for 90% of population is from 13 to 108 msec, respectively), their response onsets may never coincide (if simultaneously presented) and might be expected never to produce significant in-et al. 'Temporal Determinants of Multisensory Integration teractions. Latencies for visual and auditory inputs are even more discrepant (minimum and maximum differences in the range of latencies for 90% of population is from 20 to 115 msec, respectively), and the inputs initiated by simultaneous visualauditory stimulus pairs would arrive at a cell simultaneously only when these stimuli existed in an extremely circumscribed spatial area (see Fig. 1 l) , thereby severely limiting the range and usefulness of this integration. But these stimulus combinations did produce multisensory interactions, even when they were presented simultaneously. It is because these stimuli evoked discharge trains whose durations exceeded their individual latency differences that these interactions were possible, and the duration of the unimodal discharge trains provided a good predictive index ofthe interactive periods of excitatory interactions. Individual stimuli evoked discharge trains that could be very short (e.g., 1 msec) or quite long (>800 msec), and the interactive period was dependent on how much of their discharge trains overlapped: the longer the unimodal discharge trains, the longer the possible interactive period. If one stimulus (e.g., visual) evoked a long discharge train-for example, 500 msecanother stimulus (e.g., auditory) eliciting a short-duration discharge (e.g., 10 msec) could interact with it anywhere within that 500 msec window. These factors allow significant interactions to take place even when the temporal disparity of the stimuli is quite great. Thus, interactions can be produced by simultaneous visual and auditory stimuli located at any point within a very wide spatial domain (see Fig. 11 ).
Neither temporal measure of response (discharge duration, average peak discharge frequency) varied exclusively with the sign of an interaction, or covaried with its magnitude. However, the vast majority of interactions showed relatively greater changes in the average peak discharge frequency than in discharge duration. In the absence of more detailed information regarding the synaptology and membrane properties of multisensory superior colliculus neurons, it is difficult to speculate about the specific biophysical mechanisms that account for the temporal properties peculiar to these interactions.
Sensitivity to temporal disparity
Deep laminae superior colliculus cells integrated responses to simultaneous combinations of visual, auditory, and somatosensory stimuli in the form of response enhancement or response depression. However, when the temporal interval between the stimuli was progressively increased, 3 temporal response profiles could be distinguished: response enhancement only, response enhancement-depression, and response depression only. Regardless of the interactive type, all multisensory interactions exhibited a monotonic decay in the magnitude of the interaction as the stimuli were separated from their optimal temporal relation (the point at which the interaction of the greatest magnitude occurred). At some point, the decay reached zero (no interaction) and, for cells exhibiting enhancement only or depression only, that point marked the temporal limit, or border, of the interactive period. In contrast to these response profiles, cells categorized as enhancement-depression exhibited a sign reversal if the temporal disparity extended beyond this zero point, so that enhancement was eliminated and depression was produced.
Each cell examined in these experiments fell into only one of these 3 categories. Nevertheless, it is possible that the categories are artificially restrictive and that the same cell might exhibit more than one type of response profile if sequences of qualitatively different stimuli were presented. Despite the fact that we have, at present, no empirical data to support this speculation (when spatial factors are held constant), these categories must be viewed as a descriptive convenience and not necessarily as defining the absolute capabilities of subpopulations of superior colliculus cells.
Visual-auditory cells demonstrating enhancement-only profiles displayed the longest interactive periods and generally evoked > 50% of maximal enhancement when stimuli were presented up to 2 15 msec out of the optimal temporal register. Cells showing depression only generally exhibited >50% of maximum depression when stimuli were presented up to 166 msec out of their optimal temporal register. Yet despite the differences in their sign (enhancement or depression), the fitted curves of the functions describing these temporal profiles were not significantly different 0, > 0.05; analysis of covariance). In contrast, cells exhibiting enhancement-depression profiles revealed an extremely brief temporal window in which enhancement could be evoked; in these cases > 50% of maximal enhancement could be elicited only when the stimuli were presented within 22 msec of the optimal temporal register. This brief window of enhancement was flanked by periods in which profound levels of depression were evoked, and extended until the temporal limits of the interactive period were reached. Furthermore, these distinctions were statistically significant whether the entire function (i.e., including positive and negative values) of enhancement-depression and enhancement-only profiles were compared (p < 0.05; analysis ofcovariance) or only the enhancement portions of those same functions (i.e., positive values only (p < 0.01; analysis of covariance) were evaluted.
Maximizing enhancement and/or depression
Although interactions were produced for as long as any portion of the discharge trains evoked by stimuli from each modality overlapped, the positions of overlap were critical because of variations in the discharge patterns. Some unimodal discharge trains had high-frequency discharges at the onset, followed by an exponential decay in activity; others showed a gradual rise and fall in discharge frequency; and still others showed postexcitatory depression. Consequently, varying the overlap of the discharge trains evoked by pairs of stimuli produced a wide variety of interactive magnitudes. Yet regardless of the specific stimulus combinations presented, one consistent feature of the resultant interactions emerged: maximum excitatory interactions occurred when the periods of highest discharge activity overlapped.
Behavioral implications
Although a high incidence and dynamic response range of multisensory cells were demonstrated in this study, the data may reflect only a portion of the activity present in alert animals. Barbiturates are generally known to depress neuronal activity (McIlwain, 1964; McKenna et al., 1982) and in the superior colliculus they not only depress visual activity (Stein and Arigbede, 1972) but also appear to limit auditory responses to l-4 impulses over a duration of 10 msec or less (Wise and Irvine, 1983; Hirsch et al., 1985) . Even in the present ketamine-nitrous oxide preparations, neither the responses of auditory or visual cells reached the high levels reported for superior colliculus neurons in behaving cats (Grantyn and Berthoz, 1985) . Thus, it is likely that interactions would produce higher discharge frequencies and longer discharge durations (with even weaker stimuli) in more natural circumstances, and would be exhibited in even greater proportions of superior colliculus cells than could be demonstrated here or previously (Meredith and Stein, 1986b) .
It has been hypothesized that the response enhancement produced by multisensory interactions can facilitate the detection of combinations of individually weak or ineffective stimuli (Meredith and Stein, 1983) . The present experiments indicate that there are restricted temporal domains within which this effect could take place. This seems intuitively reasonable, since stimuli having a common causality will most likely be temporally linked. Such a temporal constraint, coupled with the previously demonstrated spatial constraint (Meredith and Stein, 1986a) on response enhancements, limits the likelihood that unrelated stimuli could confound these interactions and thereby lead to inappropriate responses.
Two populations of cells appear to define the temporal limits ofresponse enhancement and, presumably, of the behaviors they facilitate: enhancement-only cells and enhancement-depression cells. The former and more frequently encountered cells (with the stimuli employed in this study) pool inputs over a rather broad (up to 600 msec; see Fig. 7 ) temporal domain. The latter, however, have much sharper peaks of activity and maximize enhancement over a narrow temporal period (up to 200 msec; see Fig. 7 ) while responses to more temporally disparate stimuli are rendered particularly weak. Although it is not immediately obvious why such cell types would be advantageous, as functional complements they could produce a well-defined temporal focus of activity (within a population of superior colliculus cells) to near-simultaneously occurring stimuli without precluding enhancement (albeit less dramatic enhancements) at slightly longer intervals.
Multisensory cells of the superior colliculus are known to have descending efferent projections (Meredith and Stein, 1986b) in pathways controlling the orientation of the eyes, pinnae, and 'head (Huerta and Harting, 1984) . Among the best studied "effector" cells of the superior colliculus are the tectobulbospinal cells, which are activated by multisensory stimuli (Munoz and Guitton, 1986) and demonstrate a premotor burst before an eye movement (Grantyn and Berthoz, 1985; Guitton, 1985, 1986) . These sensory and premotor involvements can be temporally dissociated: the latency of a sensory response is timelocked to the onset ofa stimulus, while the initiation of premotor burst activity is time-locked to the onset of a saccade (Mohler and Wurtz, 1976) . Given that deep layer neurons burst before eye movements to visual as well as to auditory targets (Jay and Sparks, 1984) , it is likely that their premotor activity and effect would be enhanced by closely related multisensory stimuli (e.g., a visual-auditory target) and depressed by those exceeding spatial and temporal interactive limits. Whether enhancement (or depression) of behavior would occur as a direct result of multisensory integration within the premotor neuron itself, or would result from further processing at other loci remains to be determined. Nevertheless, it seems likely that the mechanisms shown to govern multisensory integration would exert a powerful influence on the production of an eye movement or other overt behavior, with which these deep laminae superior colliculus neurons are involved.
